The present effort studies the comparative solid particle erosion behaviour of Al-Co alloys of various compositions in the AlAl 9 Co 2 side of the Al-Co phase diagram. The alloys have been prepared by vacuum arc melting. The main concept behind the selection of the Al-Al 9 Co 2 region of the Al-Co phase diagram was the attainment of a two-phase structure (Al + Al 9 Co 2 ) that could combine the beneficial attributes of Al 9 Co 2 , as a Complex Metallic Alloy in-situ reinforcement, with the ductility/toughness of Al, as a matrix to the brittle intermetallic.
Introduction
High-performance materials of today are required to possess a combination of properties such as thermal and wear resistance, chemical stability and inertness, corrosion resistance as well as excellent mechanical properties. The intermetallic compounds have long been recognized as potentially useful structural materials for high temperature applications [1] . Despite the significant research interest in the intermetallic compounds of Al, only few studies have been devoted to cobalt aluminides, possibly due to their limited, until recently, application potential. Co-aluminides may find applications as active heterogeneous catalysts [2] , metallization layers in III-V semiconductor devices [3] , to hydrogen fuel cell technologies [4] etc. Recently, the development of a new category of materials, that of Complex Metallic Alloys (CMAs)-Quasi Crystals (QCs) [5] has rekindled the interest in the Al-Co system: CMAs constitute a new class of intermetallic compounds with high structural complexity, giant unit cells containing from tens to more than a thousand atoms and lattice parameters of several nanometers [6] . CMAs have a rising potential as multifunctional materials due to properties, such as low surface energy associated properties (oxidation, corrosion and friction resistance, hydrogen sorption capacity), high hardness, low electrical conductivity and low thermal conductivity [7] [8] [9] [10] [11] . However, their low ductility limits their application potentials. The development of two-or multi-phase structures based on a soft metallic phase is considered a promising solution for overcoming the low temperature ductility of CMAs [12] . According to the Al-Co phase diagram [13] , Al forms with Co several intermetallic (IC) phases, among which, various allotropic forms of Al 13 Co 4 have CMA structures(approximants to decagonal QCs). The monoclinic Al 9 Co 2 is also a CMA with an intermediate structural complexity between B2-AlCo and the decagonal Al-Ni-Co quasicrystal [14] .
Previous works by the authors [15] [16] [17] have found a notable improvement in the corrosion and wear resistance of Al insitu reinforced with Al 9 Co 2 and Al 13 Co 4 CMA phases. Even low amounts of Co (2-7 wt.%) can significantly benefit the corrosion and sliding wear resistance of Al. Among Al-Co alloys prepared by vacuum arc melting (VAM), casting and free sintering, the former have exhibited superior microstructure in terms of uniformity and fineness that has led to superior corrosion and sliding wear performance [15] . On the above grounds and considering that the erosion response of Al-alloys, MMCs (Metal Matrix Composites), ICs and CMAs has become an important aspect of their application potential [18] [19] [20] [21] [22] [23] , the present work examines the solid particle erosion response of Al-Co in-situ composites prepared by VAM and compares it with that of commercially pure Al (CP-Al) also prepared by VAM(Al-VAM).
Materials and Methods
CP-Al and Al-Co alloys (7, 10, 15, 20 wt.% Co) were prepared by vacuum arc melting (VAM). Appropriate mixtures of Al powder (-44 μm, 99.5% purity) and Co powder (-37 μm, 99.5% purity), of 3.8-4.0 g weight, were placed in the cavity of the water-cooled copper base of a VAM furnace. The furnace chamber was closed, evacuated and, then, filled up with Ar. Arc was initiated and maintained using a W electrode with a direct current of 120 A. The solidified drops had the shape of a meniscus.
Specimens were cut from each produced meniscus, mounted and prepared for metallographic examination by standard metallographic procedures. Inspection of all samples was performed by Scanning Electron Microscopy (SEM) with the use of a Jeol JSM 6510 LV SEM equipped with an Oxford Instruments X-Act EDX (secondary electron (SE) and back scattered electron (BSE) modes).
Solid Particle Erosion (SPE) experiments were carried out at impact angles of 60° and 90° using angular Al 2 O 3 particles (170 -250 μm) as the erodent medium. Coupons were cut with a diamond saw, ground to 1200 grit and then were placed on the adjustable sample holder at the opposite side of the nozzle. The distance between the nozzle and the specimen was 10±1 mm. The pressure of the sprayed erodent from the nozzle, directly on the surface of the sample, was 3.5 bar. The duration of each spraying was 2 min. Every 10 s, the material loss was recorded. The overall erosion rate was calculated from the mass loss versus the erodent mass of the experiment (triplicate runs) by linear regression analysis (least squares method). Erosion was quantified by mass loss measurement with an accuracy of 0.1 mg.
Results and discussion
Microstructure of the alloys Figure 1 illustrates the microstructures of the alloys, as fabricated. Extensive microstructural analysis of the examined alloys is presented elsewhere [16] . All alloys are composed of Al 9 Co 2 phase uniformly distributed within an Al matrix. As the Co content of the alloy increases, the fraction of Al 9 Co 2 increases. More analytically, the compositions of Al-7wt.%Co, Al-10wt.%Co, Al-15wt.%Co, Al-20wt.%Co, correspond to the Al 9 Co 2 volume fractions of 36, 41, 50 and 63 vol.%, respectively [16] .
The microstructure of the Al-7wt.%Co and Al-10wt.%Co appears almost entirely eutectic with directionality. A likely explanation for the excessive extent of the eutectic morphology, even though the employed compositions are hypereutectic, is that rapid cooling has largely suppressed the pre-eutectic stage, not allowing the primary Al 9 Co 2 crystallites to grow. Especially in the case of Al-7 wt.% Co, fine plates of Al 9 Co 2 are distributed in the ductile matrix in a uniform and highly ordered/orientated pattern.
In the case of Al-15 wt.%Co, a planar Al 9 Co 2 phase is observed to coexist with the Al-Al 9 Co 2 eutectic microconstituent. It can be observed that the Al 9 Co 2 eutectic stripes are not continuous. Instead, they consist of small building brick-like units that form a directional pattern. It seems like the Al 9 Co 2 phase was to grow in a continuous mode of directional stripes that were eventually chopped off in small units. The reason for such development mode can be sought in the continuous decrease in the necessary under cooling for the Al 9 Co 2 eutectic stripe development as eutectic reaction {Al(l)→Al(s)+Al 9 Co 2 (s), 657°C} progresses [24] [25] . This discontinuous pattern of Al 9 Co 2 phase has also been observed in different types of composite materials fabricated by VAM [26] [27] [28] .
In the case of Al-20 wt.% Co, a different morphology is observed: The intermetallic phase is in the form of coarse particles and blades. This morphology indicates the possibility of extensive pre-eutectic Al 9 Co 2 presence, in consistency with Sater et al [29] . It seems that, in the case of high Co concentration, the preeutectic stage cannot be suppressed (due to the low conductivity of Al 9 Co 2 CMA) and the growth of coarse primary Al 9 Co 2 is favored. An alternative explanation for the presence of coarse primary Al 9 Co 2 in the microstructure of RS Al-Co considers the instability of the supersaturated (in Co) solid solution: As Co content increases, the RS-due trapped Co in the αAl lattice increases (Previous work showed that the maximum dissolved Co in the Al matrix of Al-7 wt.% Co (0.59 wt.%) rose to 5.1 wt.% in Al-20 wt.% Co [16] ). Due to the high contents of Co, the supersaturated α-solid solution is so unstable that, during cooling, the solute is rejected and builds up to the level required for the formation of the intermetallic phase [30] .
To conclude, as the Co content increases, the amount of coarse primary Al 9 Co 2 increasesat the expense of fine-sized eutectic Al 9 Co 2 .
Solid particle erosion behaviour Solid particle erosion rate: Figure 2 , demonstrates the mass losses of the different composites as a function of the mass of the erosive medium at the impact angles of 60° and 90°. Figures  2a and 2b show that, as the erosive mass increased, the mass loss also increased, in compatibility with previous investigations [31] [32] [33] [34] [35] . It is well known that there is a dramatic difference in the response of ductile and brittle materials when the mass loss in erosion is measured as a function of the angle of impact. As stated by other researchers [36] [37] [38] [39] [40] , ductile materials exhibit a maximum in the erosion rate at intermediate impact angles (15°, Figure 2 : (a), (b) Mass loss versus mass of eroding particles during solid particle erosion testing at (a) 60° and (b) 90° impact angles; (c) the extracted erosion rates for Al-VAMand Al-Co alloys 30°). In contrast, the maximum erosion rate of a brittle material is usually obtained at higher impact angle (90°).
The erosion rate of the produced materials is displayed in Figure  2c . It can be observed that the erosion rate of Al-VAM is higher at the impact angle of 60° (as compared to that at 90°), whereas the produced alloys exhibit higher erosion rates at 90° (as compared to those at 60°). This behaviour can be explained by the fact that the monolithic ductile alloy principally erodes by abrading the surface. At low impact angles, the particles strike the surface, form a crater and then leave the surface. Material removal takes place more easily at a relatively low impact angle (60°) owing to ploughing and cutting by theAl 2 O 3 particle flow. At a higher impingement angle (90°), however, the impact of theAl 2 O 3 particle flow on the specimen surface may result in work hardening of the surface, higher subsurface deformation, less efficient ploughing and cutting, and thus, less material removal, as also observed by previous researchers [32, 41] . Erosion mainly occurs by propagation and intersection of cracks caused by impacting particles. In other words, Al-VAM as a ductile material, has a low resistance to the shear stresses (responsible for ploughing), induced by the horizontal component of the impact force. On the other hand, Al-VAM as a ductile material, has a high resistance to the vertical component of the impact force. On the other hand, the Al-Co alloys seem to exhibit a more brittle behaviour towards solid particle erosion, since their erosion rates are higher at 90° than at 60°. The brittle constituent of the Al-Co alloy (i.e. Al 9 Co 2 ) is more susceptible to the action of the vertical component of the impact force, thus being mainly responsible for the lower erosion resistance of the Al-Co alloys at 90° impact angle as compared to the resistance at 60° impact angle. Moreover, the depth of damage accumulation is largest in the alloys subjected to erosion at 90°, where the impact energies are almost totally absorbed through straining of the subsurface material [32] .
In general, Figure 2 shows that:
(a) As the Co content increases, the erosion rate notably increases, especially in the case of Al-20wt.%Co impacted at 60°. This increase is owing to: (i) the increase in the amount and coarseness (i.e. surface area) of Al 9 Co 2 (compare the coarse blades observed in the microstructure of Al-20 wt.% Co with the fine, uniformly distributed particles in the microstructure of Al-7 wt.% Co, in Figure 1 ), and (ii) the increase in the Co dissolved in the Almatrix by RS, as aforementioned in the Microstructure section. Factors (i) and (ii) lead to an increase in the alloy brittleness with Co content increasing and, consequently, a decrease in the alloy capacity to absorb the impact energy as the Co content increases.
(b) Lower Co additions (7, 10 and 15 wt.% Co) exhibit erosion rates of the same order of magnitude per impact angle. The much higher erosion rate of Al-20 wt.% Co, in relation to the erosion rates of the 7-15 wt. %Co compositions, is mostly explained by the notably increased coarseness of the Al 9 Co 2 plates and blades, as manifested in Figure 1 . Further explanations are given in the following section, in context with the morphology of the eroded surfaces.
(c)Al-VAM exhibits much lower wear rate than that of the AlCo alloys, attributed to its intensive plastic deformation. The unreinforced alloy presents the highest fracture energy and, therefore, the least mass loss. This is especially shown at the impact angle of 90°, where material removal by ploughing is minimal, as aforementioned.
In conclusion, for Al-VAM, the role of the cutting component of sharp-edged particles moving along the surface is shown to be substantial, whereas for the Al-Co alloys, the component of the impact force, which is perpendicular to the surface, has a predominant effect. Figure 4 reveal the morphology of the eroded surfaces for the different materials impacted at different angles (60° and 90°, respectively). An intensive landscape with extended and deep grooves, dimples and craters can be observed in the cases of 0-10 wt.% Co, which is characteristic of severe plastic deformation. It is evident that Al-VAM presents the highest frequency of plastic deformation signs, whilst Al-20 wt.%Co the lowest. As the Co content increases, the landscape gives an increasing evidence of constrained plastic flow of the deformed metal matrix (resulting in loss of ductile behaviour). It should be noted that the morphological differences are slight in the cases of Al-7 wt.% Co, Al-10 wt.% Co and Al-15 wt.% Co; nevertheless, the aforementioned trends are still observed.
Eroded surface morphology: Figures 3 and
In order to explain the erosion behaviour of the examined materials, certain issues should be taken into consideration. Impact of the eroding particles at 60° is a process that involves both the contribution of the outer surface and the substrate bulk material of the specimens. The surface of soft monolithic Al-VAM suffers severe plastic deformation from the particle impact leading to the formation of intensive grooves with subsequent side-flaw of material. The particles strike the surface, form a crater and then leave the surface. Some of the particles remove a chip as in metal cutting, while others leave material piled up at the sides of the crater. This uplifted material is presumably removed relatively easily by the impact of subsequent particles, as stated by other researchers [32, 39] . As the impact at 60° proceeds, these piled up areas will eventually be detached and removed from the substrate, making this detachment the dominant mass loss mechanism. On the other hand, the ductility of CP-Al ensures that a significant amount of the particle impact energy is absorbed by the substrate so that the material loss is somewhat restricted without being allowed to reach extreme values. That way, the relatively low erosion rates at 60° (as compared to the ones at 90°) are also explained.
Instead, impact of the eroding particles at 90° for Al-VAM, is a process that is characterized mainly by heavy plastic deformation caused by the vertical component of the impact force. Several other mechanisms have also been proposed for material removal at high impact angles. These include brittle behaviour due to work hardening, fragmentation of particles, low cycle fatigue, temperature effects due to high strain rates, delamination wear and extrusion mechanisms [42] . However, plastic deformation is still the governing mechanism. (A transition to micromachining or ploughing of material is observed at lower impact angles [43] .)
The previous situation is notably altered with increasing the Co content and, consequently, the in-situ Al 9 Co 2 reinforcement. As the Co content and, thus, the hard CMA amount increases, surface layers are hardened and plastic deformation is restrained. Hence, the ductility is reduced and a transition towards a more brittle behaviour is established.
It should be emphasized that an increase in the Co content results in a significant embrittlement of the alloy, not only due to the aforementioned increase in the amount of the Al 9 Co 2 phase but also due to the coarsening of the Al 9 Co 2 phase. Indeed, the coarsening of the microstructure of the Al-Co alloys seems dramatic in Al-20 wt.%Co, as manifested in Figure 1 . In addition, the Al matrix becomes less ductile with Co content increasing, because RS has led to an increasing Co dissolution in Al with Co content, as already mentioned in the Microstructure section; the dissolved Co in Al is much greater than the insignificant solubility of Co in Al under equilibrium [13] . Furthermore, pores within coarse Al 9 Co 2 plates and sharp edges of blades are stress concentration points promoting crack formation. As Co increases, stress concentration points-such as Al 9 Co 2 blade and acicular plate tips, angles between Al 9 Co 2 dendrite arms, intersections of dendrites and dendrite arms increase [16] , features mostly discerned in the micrograph of Al-20 wt.% Co ( Figure 1 ). As such, at higher Co contents, the residual stresses of the RS alloys are higher as compared to lower Co contents. Therefore, as displayed in Figures 3 and 4 , erosion at high Co contents mainly occurs by the propagation and intersection of cracks induced by impacting particles. As embrittled materials, the Al-Co alloys of high Co content have reduced capacity to absorb the impact energy; consequently, the impact energy generates high impact loads on the surface, which accordingly lead to significant material loss, especially in the case of the most brittle alloy (Al-20wt.%Co) eroded at 90°.
Conclusions
CP-Aland Al-Co alloys (7, 10, 15, 20 wt.% Co) were prepared by vacuum arc melting. The alloys were composed of Al 9 Co 2 particles uniformly distributed in an Al matrix. By increasing the Co content of the alloy, the fraction and coarseness of Al 9 Co 2 increased; the shape of the Al 9 Co 2 phase changed from fine plate arrays to coarse plates and blades.
The solid particle erosion behaviour of CP-Al (Al-VAM) and AlCo alloys has been demonstrated. All Al-Co compositions showed lower resistance to solid particle erosion at 60° and 90° impact angles than Al-VAM, attributed to the increasing embrittlement of the materials with Co increasing (and, hence, Al 9 Co 2 content, Al 9 Co 2 coarseness and Co dissolved in Al increasing).
The erosion rate of CP-Al at the impact angle of 90° was lower than that at 60°, since the horizontal component of the impact force is mostly responsible for the ductile material removal by ploughing and cutting.
The erosion rate of the Al-Co alloys at the impact angle of 60° was lower than that at 90°, since the vertical component of the impact force (that mostly affects brittle materials, such as Al 9 Co 2 ) was reduced.
The main degradation mechanisms identified are: For Al-VAM: Intensive plastic deformation in the form of grooves, dimples, craters and ploughing; For Al-Co alloys: Plastic flow constraint, crack propagation and intersection causing fracture and removal mostly of Al 9 Co 2 phase.
Further work is under way to obtain a better fundamental understanding of erosion wear at lower impact angles (30° and 45°) with an attempt to find a general law for rapidly solidified systems such as Al-Co alloys, in order to improve their erosion resistance.
